proaches because complex spinal reconstruction is usually required.
There are technical limitations and challenges when MIS approaches are used for spine surgery that require complex reconstruction, cage placement, and long-segment posterior fixation. 10, 28 First, access to treat fixed spinal deformities and destructive disease processes (tumors and infection) can be limited through MIS access ports. Additionally, there is often loss of normal anatomical landmarks, further making it even more challenging when the surgeon is only able to gain a limited view of the spine through small incisions and tubular retractors. However, this can be partially overcome with mini-open approaches in which a normal fascial opening and exposure is performed over the site of osteotomy or vertebral column resection. Percutaneous fixation above and below the pathology can be performed for spinal stabilization. 2, 3, 13, 19, 20, 26 Another major technical challenge to MIS techniques is the limited ability to perform extensive and robust arthrodesis to promote bony fusion during percutaneous instrumentation. 6, 23 Therefore, there is appropriate clinical concern and uncertainty as to the longevity of performing complex spinal reconstruction (3-column surgery) with percutaneous instrumentation without fusion. This study seeks to answer the question of whether percutaneous instrumentation without fusion during mini-open corpectomy is associated with higher rates of implant failure requiring reoperation compared with traditional open corpectomy with complete instrumented fusion.
Methods
The University of California, San Francisco, Committee of Human Research formally approved this study.
Patients
A consecutive cohort of adult patients who underwent either open or mini-open posterior thoracic corpectomy with cage reconstruction was identified. All surgeries were performed by the senior author (D.C.). The study period of interest spanned from 2009 to 2014. Inclusion criteria were patients 18 years or older who underwent a complete posterior transpedicular or costotransversectomy thoracic corpectomy with expandable cage reconstruction. All patients underwent complete corpectomy with nearly 100% vertebral body resection to allow an expandable cage to be placed all the way anteriorly along the epiphyseal ring for reconstruction of the anterior column. Treated pathologies included vertebral body fractures, osteomyelitis, and tumors. For infections and tumors, the diagnosis was confirmed through histopathological analysis of intraoperative specimens. The open corpectomy was performed through a traditional exposure of the spine, open pedicle screw instrumentation, and arthrodesis along the entire length of the construct with either allograft or autograft.
The mini-open corpectomy was performed with a midline skin incision and opening of the fascia only at the level of corpectomy. The fascia was left intact over pedicle screw instrumentation sites. Percutaneous pedicle screw placement was performed above and below the site of corpectomy through the fascia using MIS techniques (Fig. 1) . 13 No bony preparation, exposure of the bone, or decortication was performed in mini-open cases over the percutaneous instrumented sites. Fusion was performed only over the corpectomy site where the fascia was open. Local autograft, iliac crest graft, or allograft was used only over the corpectomy site in the mini-open corpectomies. Fusion with local autograft, iliac crest graft, or allograft was performed at the corpectomy site and along the entire length of the construct in open corpectomies. No bone morphogenetic protein or cell-based allograft was used in the study cohort. Spinal constructs consisted of pedicle screw instrumentation 2 or 3 levels above and below the corpectomy site (even in the presence of multilevel consecutive corpectomies), and an expandable titanium cage filled with autograft or allograft was used to reconstruct the anterior column.
Selection for Open Versus Mini-Open Transpedicular Corpectomy
Patients underwent either open or mini-open surgery based on operating room staff and availability of equipment. For instance, if surgery could be started during normal work hours, a mini-open approach was performed, even if the case was an emergency. However, if surgery had to be done outside normal work hours (nights) or on weekends when regular spine operating room personnel, MIS screw systems, or navigation support was not available, the traditional open procedure was performed. The senior surgeon (D.C.) performed all operations in this study, regardless of the time of surgery.
Data Points
A detailed retrospective review of the medical records was performed. Data related to patient demographics, diagnosis, surgery, and outcomes were collected. Demographic and preoperative data points of interest included age, sex, weight (measured in kilograms), diagnosis, and neurological status (measured using the American Spinal Injury Association [ASIA] Impairment Scale). 1 The number of corpectomies performed was categorized as 1, 2, and 3 or more levels. Perioperative outcomes of interest were intraoperative blood loss, perioperative complications, and length of hospital stay (days from date of surgery to date of discharge). Complications were defined as any unforeseen event related to surgery that required additional medical and/or surgical intervention. With regard to long-term outcomes, outcomes of interest were complications after discharge and implant failure requiring revision surgery. Implant failure was defined as any implant-related issues that resulted in radiographic implant loosening, breakage, dislodgment, spinal instability, and/or progressive deformity of the instrumented segments requiring surgical intervention.
Statistical Analysis
The general cohort was first stratified into 2 groups: patients who underwent either open corpectomy with complete fusion or mini-open corpectomy with nonfused percutaneous instrumentation. Comparisons of preoperative, perioperative, and follow-up outcomes were performed. For categorical outcomes, the Fisher exact test was used. For continuous outcomes, a 2-tailed Student t-test was used. For this study, p < 0.050 was used as a threshold for statistical significance. All statistical analysis was performed using SAS software (version 9.4, SAS Institute).
Results
Over the 5-year period, a total of 75 patients underwent posterior transpedicular or costotransversectomy corpectomy with cage reconstruction. Twenty patients had died (a majority because of cancer/metastasis) with less than 6 months follow-up and 2 patients were lost to follow-up: Table 1 ). The overall mean age was 52.8 years, and 56.6% of patients were male. The distributions of diagnosis were tumors in 64.2%, osteomyelitis in 24.5%, and vertebral body fractures in 11.3% of patients. With regard to preoperative neurological status, the majority of patients had ASIA grades of either E (37.7%) or D (45.3%). The remaining distributions were ASIA Grades C in 13.2%, B in 1.9%, and A in 1.9%. Of the 53 patients, 64.2% underwent a 1-level corpectomy, 26.4% underwent a 2-level corpectomy, and 9.4% underwent a corpectomy of 3 or more levels. The distribution of levels at which corpectomies were performed can be seen in Table 1 . Table 2 The primary goal of the study was to evaluate the outcomes of patients who underwent mini-open corpectomy 
Discussion
Over the past decade there has been an accumulation of evidence that MIS spine surgery for simple decompression and short-segment fusions is able to offer less intraoperative blood loss, reduced postoperative pain, shorter hospital stays, and comparable outcomes to open surgery at 1 to 2 years after surgery. 5, 13, 14, 21 However, there are inherent drawbacks when using MIS percutaneous techniques for spinal instrumentation. One of the main concerns is the inability to perform adequate arthrodesis and fusion at percutaneously instrumented levels in the absence of an interbody device, thus theoretically placing patients at higher risk of implant failure. This concept is especially relevant as MIS techniques are being used more readily to take on complex spinal pathologies that require vertebral column resection, long-segment instrumentation, and spinal column reconstruction. 2, 3, 13, 24, 27 Understanding the ramifications of percutaneous instrumentation without fusion is important in the long-term clinical management of patients. Additionally, this is especially relevant in patients with metastatic spinal tumors who have limited life expectancy and who would benefit from less-morbid mini-open approaches to maintain a good quality of life.
The most robust published data pertaining to pedicle screw instrumentation without fusion stem from the spinal trauma literature. More specifically, instrumentation without fusion in the surgical management of thoracolumbar burst fractures has been thoroughly evaluated. Wang et al. performed a randomized prospective clinical trial comparing open short-segment instrumentation with or without fusion. 29 With a mean follow-up of 42 months, they reported an overall implant failure rate of 13.8%, and there was no significant difference in the implant failure rate between patients who underwent fusion and no fusion (16.7% vs 10.7%). Similarly, Dai et al. performed a prospective randomized trial comparing open short-segment instrumentation with or without fusion for thoracolumbar (T11-L2) superior endplate burst fractures. 4 With a 5-year minimum follow-up, no patient in either group required reoperation for implant failure, suggesting that instrumentation without fusion offers comparable results to instrumentation with fusion in certain clinical settings. With regard to long-term outcomes and MIS instrumentation, however, there is a paucity of data comparing traditional open instrumented fusion and percutaneous pedicle fixation without fusion. One study by Lee et al. examined follow-up outcomes at 3 months and 6 months in trauma patients and found similar rates of instrumentation failure between the percutaneous nonfused group (3.1%) and the open fused group (3.7%). 16 These preliminary results are promising and support the use of percutaneous instrumentation without fusion. However, there still is a lack of data regarding long-term implant failure rates, and there are no studies evaluating the use of percutaneous pedicle fixation without fusion in the setting of long-segment instrumentation with 3-column surgeries such as corpectomies.
Pseudarthrosis and implant failure rates requiring reoperation following open thoracic corpectomy with cage reconstruction are generally low, with reported rates ranging from 0% to 10%. [7] [8] [9] 15, 22 These failure rates are likely dependent on the time point of follow-up, as we have demonstrated higher rates of implant failure with longer follow-up. Nonetheless, in our study, the implant failure rates following mini-open corpectomy and percutaneous instrumentation without fusion at 6, 12, and 24 months (0.0%, 6.2%, and 8.3%, respectively) fall within the range of previously reported implant failure rates after open surgery with fusion. This finding suggests that fusion at the corpectomy site alone with supplemental percutaneous instrumentation may offer comparable durability to open complete fusion of the entire construct.
Possible explanations for comparable durability may be related to the MIS technique itself, the normal anatomical biomechanics of the thoracic spine, and use of a cage. With MIS percutaneous pedicle instrumentation, there is inherent preservation of the paraspinal muscles and the posterior ligamentous complex, which normally provides significant mechanical support of the spine.
12,17 These paraspinal muscles and ligaments are often destroyed or stripped during open procedures. Furthermore, there may be an anatomical uniqueness to different regions of the spine that could account for the similar implant failure rate when performing corpectomy with nonfused percutaneous instrumentation compared with open instrumented fusion. In this study, all corpectomies were performed in the thoracic spine, and the majority of instrumentation involved the thoracic spine and thoracolumbar junction. Compared with the lumbar spine, the thoracic spine intrinsically has less motion and increases stability due to rib cage support and less facet cartilage. This could result in auto-arthrodesis of the facets after instrumentation. Alternatively, it may be that the thoracic spine is naturally at lower risk of implant failure due to less normal motion, even in the absence of auto-arthrodesis of facets.
Another consideration of this study is that although we evaluated the adjacent nonfused segments next to the corpectomy site, it must be emphasized that not only was the corpectomy site fused (in both open and mini-open approaches), but also an interbody cage was always used in all cases. In addition, to arthrodesis at the corpectomy site, cage placement offers a solid anterior structural support which helps takes on a large portion of the spinal load. Thus, the question this study addresses is not outcomes related generically to instrumentation of the spine without fusion, but specifically instrumentation with or without fusion adjacent to a fused segment with anterior column support. It is important to recognize that this is different from simple spinal instrumentation without fusion in the absence of anterior column reconstruction for a degenerative lumbar condition. Thus, it would be critical not to directly translate these results to degenerative conditions of the lumbar spine.
Although our study focused on MIS percutaneous instrumentation without fusion, there are techniques that allow for facet arthrodesis at the instrumented levels with tubular retractors. After cannulation of the pedicles, facets can be decorticated and graft can be inserted into the facet joint to promote fusion. 26 This type of facet joint fusion has been shown to provide similar fusion rates to open posterior lateral fusion for lumbar spondylolistheisis. 18 In addition, this focused facet fusion technique has been used during mini-open pedicle subtraction osteotomy with long-segment thoracolumbar percutaneous instrumentation for deformity correction and has demonstrated at least an 80% solid fusion rate on follow-up CT imaging. 26 This study is subjected to limitations inherent to its retrospective design and the novelty of the surgical technique. Specifically, the patient cohort is at risk for selection biases and confounders. For example, slightly more mini-open cases were performed later in the series when experience with the mini-open technique was greater; this may have had an impact on the patient selection as to who received a mini-open procedure and who received an open procedure. Nonetheless, the influence of this confounder is likely minimal because the distribution of cases in each group spans similar time periods. In addition, the selection bias was based on a temporal criterion (more mini-open procedures with more experience) rather than individual patient-specific criteria (frail or sick patients vs robust and healthy patients). Additionally, while we demonstrate no significant differences in major baseline and clinical variables between the groups, there are likely other factors not measured that may impact implant failure rates, some of which include bone quality or pathological bony destruction from infection and tumors at fused levels. A prospec- tive study or clinical trial would be better able to address these confounders by establishing explicit exclusion-inclusion criteria and performing standard tests at specific time points. Next, the relatively small cohort sizes and loss to follow-up at various time points limits the power of the study findings. Additionally, the lack of degenerative spine pathologies confines broad generalization of these data. Thus, applying instrumentation without fusion for degenerative cases would be ill advised based solely upon these study findings. Lastly, there may be drawbacks of using implant failure and revision surgery as a proxy for fusion rates instead of CT imaging. Although obtaining fine-cut CT imaging through the instrumented areas would be ideal, it was simply not practical given the costs associated with the test and lack of indication in the mini-open cohort (given that no bony fusion was attempted).
Conclusions
The findings from this study suggest that the rates of implant failure-requiring reoperation in patients who underwent either open corpectomy with complete instrumented fusion or mini-open corpectomy with unfused percutaneous instrumentation were comparable. Specifically, failure rates of instrumentation with or without fusion were similar at 6, 12, and 24 months. Additional larger studies are warranted, but unfused percutaneous instrumentation should be considered as a viable option in the appropriate clinical setting. Particularly, patients with short life expectancies (spinal metastasis) or those too ill to undergo open instrumented fusion may benefit from this technique.
